The Holliday junction (HJ) is a central intermediate in various genetic processes including homologous and site-specific recombination and DNA replication. Branch migration allows the exchange between homologous DNA regions, but the detailed mechanism for this key step of DNA recombination is unidentified. Here, we report direct real-time detection of branch migration in individual molecules. Using appropriately designed HJ constructs we were able to follow junction branch migration at the singlemolecule level. Branch migration is detected as a stepwise random process with the overall kinetics dependent on Mg 2؉ concentration. We developed a theoretical approach to analyze the mechanism of HJ branch migration. The data show steps in which the junction flips between conformations favorable to branch migration and conformations unfavorable to it. In the favorable conformation (the extended HJ geometry), the branch can migrate over several base pairs detected, usually as a single large step. Mg 2؉ cations stabilize folded conformations and stall branch migration for a period considerably longer than the hopping step. The conformational flip and the variable base pair hopping step provide insights into the regulatory mechanism of genetic processes involving HJs.
The Holliday junction (HJ) is a central intermediate in various
genetic processes including homologous and site-specific recombination and DNA replication. Branch migration allows the exchange between homologous DNA regions, but the detailed mechanism for this key step of DNA recombination is unidentified. Here, we report direct real-time detection of branch migration in individual molecules. Using appropriately designed HJ constructs we were able to follow junction branch migration at the singlemolecule level. Branch migration is detected as a stepwise random process with the overall kinetics dependent on Mg 2؉ concentration. We developed a theoretical approach to analyze the mechanism of HJ branch migration. The data show steps in which the junction flips between conformations favorable to branch migration and conformations unfavorable to it. In the favorable conformation (the extended HJ geometry), the branch can migrate over several base pairs detected, usually as a single large step. Mg 2؉ cations stabilize folded conformations and stall branch migration for a period considerably longer than the hopping step. The conformational flip and the variable base pair hopping step provide insights into the regulatory mechanism of genetic processes involving HJs.
FRET ͉ recombination DNA ͉ four-way junctions ͉ fluorescence microscopy T he Holliday junction (HJ), suggested in 1964 by Robin Holliday (1) , is a central intermediate in homologous and site-specific recombination (2) . Movement of the crossover junction along the DNA allowing for length extension of the heteroduplex is termed branch migration (Fig. 1a) . Branch migration, whether spontaneous or mediated by proteins, is a key step in various genetic processes involving the HJ. Recent data show that HJs are critical intermediates during pauses of DNA replication (3) (4) (5) . Various models for the HJ intermediate have been used to unravel the structural basis for branch migration and resolution of the junction. The immobile four-way junction was a primary model system, and a great deal of information on the structure of HJs was obtained. Numerous techniques (6) (7) (8) (9) (10) (11) , including very recent x-ray crystallography analysis (12, 13) , show that in the presence of multivalent cations the junction adopts an antiparallel orientation in which the four helices stack in pairs to form two double-helical domains. Single-molecule FRET studies showed that immobile HJs adopt two conformational states undergoing transitions between them by an extended conformation acting as a transient state (14) . This important work nicely demonstrated the power of singlemolecule FRET microscopy as a tool for dynamic studies of a complex system such as a four-way DNA junction.
The majority of available data were obtained from immobile HJs and thus do not provide direct insights into the mechanism of branch migration. An exception is a series of papers by Hsieh and coworkers (15) (16) (17) in which the kinetics of branch migration were studied. A model suggested 30 years ago (18) relied on a parallel orientation of exchanging strands. The studies of Hsieh and coworkers (15) (16) (17) challenged this view and suggested an alternative model in which an extended configuration of the junction is more appropriate for spontaneous movement of the HJ. We (19) have recently tested these models by using a HJ undergoing branch migration and time-lapse atomic force microscopy, a nanoimaging technique capable of visualizing DNA dynamics. The single-molecule atomic force microscopy experiments support the model for branch migration with the extended conformation of the HJ.
Despite this progress, many questions related to the detailed mechanism of branch migration remain unanswered. Most importantly we still do not know the pathways and step size for branch migration. It has been proposed that branch migration is a stepwise process, but no direct experimental evidence for such a stepwise mechanism has been obtained. We need to know what the step size is and how fast the junction hops between adjacent conformations. Experiments with immobile junctions have shown that divalent cations profoundly affect the junction structure. These cations are physiologically important components, and we must know how they affect branch migration.
In this article, we applied single-pair FRET (spFRET) microscopy to the HJ capable of branch migration (mobile HJ) to answer the questions above. Using appropriately designed HJ constructs (Fig. 1b) we were able to follow junction branch migration at the single-molecule level. Branch migration is detected as a stepwise random process with the overall kinetics dependent on Mg 2ϩ concentration. We developed a theoretical approach for analyzing the mechanism of HJ branch migration. The data obtained paint the following picture. Branch migration is a stepwise process in which the junction flips between an open conformation favorable to branch migration and a folded conformation unfavorable to it. In the favorable conformation (the extended HJ geometry), the branch migrates over several base pairs detected, usually as a single hop. Mg 2ϩ cations facilitate folding the junction in the unfavorable conformation and thus stall branch migration for a period considerably longer than the hopping rate in the activated (open) state. These findings suggest a dynamic model for regulation of the branch migration rate by stabilizing specific conformations; this article provides insight into regulation of recombination events within cells.
TGCAAGCTTATCA; 1i, biotin-5Ј-TCTTTTGATAAGCTTG-CAAGCATAGAGATCTCGTAAT TTCCGGTTAGGT; 2i: 5Ј-ACCTAACCGGAAATTACGAGTCAACGATGCATGCA-AGCTTCACA; 3i, 5Ј-TGTGAAGCTTGCA͞iAmMC6T͞ GCATCGTTGAAATACGTGAGGCCTAGGATC; and 4i, 5Ј-GATCCTAGGCCTCACGTATTATCTCTATGC͞iAmMC6T͞ TGCAAGCTTATCA.
The 3m, 3i, 4m, and 4i oligonucleotides were labeled with succinimide esters of Cy3 or Cy5 dyes (Amersham Pharmacia Biosciences) according to the protocol provided. Labeled oligonucleotides were purified by RP-HPLC using a Matrix Polystyrene͞divinyl benzene column (5RPC ST 4.6͞150, Amersham Pharmacia Biotech). Purification quality was controlled by measuring the absorption spectra. The molar ratios of DNA and attached dyes in the sample were close to 1:1 for all samples. Left and right parts of the junctions were assembled and then annealed together to form four-way designs. Two tubes with mixtures of oligonucleotides 1 and 4 (tube 1) and oligonucleotides 2 and 3 in concentrations of 3 M in annealing buffer containing 50 mM Tris⅐HCl (pH 7.5), 10 mM MgCl 2 , and 100 mM NaCl, were placed in Ϸ250 ml of boiling water for 5 min and cooled to ambient temperature for Ϸ2 h. Four-way junctions (Fig. 1b) were prepared by mixing 1 M solutions of the two halves in 10 mM Tris (pH 7.5), 50 mM NaCl, and 10 mM MgCl 2 buffer, heating at 50°C for 3 min and cooling to 4°C for 30 min.
The yield of the annealing reaction was Ϸ80-90% determined by gel electrophoresis.
A similar protocol was used for the preparation of the mobile HJ with alternative arrangements of the donor and acceptor (see Fig. 5 , which is published as supporting information on the PNAS web site).
Measurements and Experimental Setup. Glass coverslips were cleaned with 1:1 nitric acid͞hydrogen peroxide mixture and stored in deionized water before use. The coverslips were treated sequentially with 1 mg͞ml of biotinylated BSA (Sigma) in pH 7.5 TES buffer (10 mM Tris⅐HCl͞150 mM NaCl͞1 mM EDTA) for 10 min, rinsed with TES buffer and a 0.5 M solution of streptavidin in the same buffer for 10 min, and rinsed with TES buffer. A 250-pM solution of biotinylated HJs in TES buffer was added and incubated for Ϸ30 min. Coverslips were rinsed with TES buffer. Measurements were performed in imaging buffer containing oxygenscavenging system based on glucose oxidase and catalase (20) and different concentrations of sodium and magnesium ions to maintain the ionic strength constant (150 mM).
Single-molecule fluorescence measurements were carried out on a home-built confocal microscope built around an Olympus IX70 inverted microscope body equipped with a motorized stage. Specifics are given in Supporting Text, which is published as supporting information on the PNAS web site.
Data Analysis. The single-molecule time trajectories of fluorescence changes well above background were analyzed. Averaged data were obtained by using the following algorithm. The HJ is considered to remain on the same migration step in adjacent time bins 1 and 2 if the FRET efficiency difference ԽE 1 Ϫ E 2 Խ Ͻ 0.12. The mean plateau efficiency is calculated as E ϭ (E 1 ϩ E 2 )͞2. The plateau continues on the third time bin if ԽE 3 Ϫ E Խ Ͻ 0.12. This procedure repeats itself for subsequent bins where the new mean efficiency is determined according to general formula
If the FRET efficiency at a later time bin differs Ͼ0.12 from the mean efficiency of the plateau (ԽE iϩ1 Ϫ E Խ Ͼ 0.12) the algorithm will set the mean efficiency for all previous points on the plateau, determine the state duration from the total number of time bins, and then move on to a new plateau. The threshold value of 0.12 was chosen as a minimal discernable step size, which is confidentially larger than the background noise. The noise level was estimated from the SD of the data points on the long plateaus for mobile and immobile four-way junctions and does not exceed Ϸ0.06, half of the chosen threshold. For a Gaussian distribution, only 5% of the data will be scattered beyond a Ϯ2-SD interval from the mean. If we apply this step-averaging algorithm to an immobile HJ (Fig. 2d , red line) we observe just a few false steps, which is evidence that the chosen criteria work well.
Calculation of FRET Efficiency. Theoretical FRET efficiencies for different junction locations were estimated from the model where dyes are located on the opposite sides of the junction point and opposite strands are considered aligned across the junction point as in Fig. 1b . The computed curve in Fig. 1c was determined by (21) (22) (23) :
Here R 0 is the Forster critical distance (in nm) between donor and acceptor at which the energy transfer efficiency is 50%, n is the number of base pairs separating the donor and the acceptor, h is the distance between DNA base pairs, a is the distance through the four-way junction, ⍀ is the twist angle between adjacent base pairs, and r is the distance to the dye center from the helix axis. The distance across the junction point is estimated to be 1.7 Ϯ 0.1 nm according to crystallographic data (24, 25) . The change of the distance between the dyes (0.68 nm per 1-bp hop) includes in addition to translational movement a rotational component (69°per step).
Results and Discussion
The Design of the HJ. Schematics for the HJ design for the spFRET studies are shown in Fig. 1 . The junction was assembled from four single-stranded oligonucleotides as described in Methods.
The homology between the arms of the junction is interrupted by incorporation of a nonhomology base pair that is sufficient to block spontaneous branch migration (17) . Therefore, branch migration of the junction is limited to two 5-bp regions on both sides of the junction indicated in Fig. 1a by thick lines. The sequence for the central part of the construct is shown in Fig. 1b . Nucleotides in the homologous region undergoing branch migration are in bold in Fig. 1b . The donor and acceptor dyes were attached to modified nucleotides indicated by arrows in Fig. 1b . During a 1-bp hop the distance between the donor and acceptor changes by 2 bp, which leads to a measurable change in FRET intensity. Fig. 1c shows the calculated dependence of the FRET intensity based on the known value for R 0 (6 nm) for the Cy3 (donor) and Cy5 (acceptor) dyes (22, 23, 26, 27) and the crystallographic data for the unfolded conformation of the junction (24, 25) . The highest value of the FRET efficiency corresponds to the smallest donor-acceptor distance (Fig. 1a Right) and the efficiency drops upon moving the dyes apart as the junction migrates. The dependence of the FRET efficiency on the intervening number of base pairs (Fig. 1c, circles) has been calculated assuming extended unfolded arms at 90° (Fig. 1a) and B-form geometry for the helical region. According to the estimates provided by Fig. 1c, Fig. 1c . This curve almost coincides with the dependence obtained for the unfolded conformation of the junction, suggesting that the selected method of labeling the sample is sensitive to branch migration steps and is much less sensitive to conformational transitions of the junction between unfolded and folded states. To test our design and its estimated FRET efficiencies, we performed ensemble FRET efficiency measurements for an immobile HJ corresponding to the longest donor-acceptor distance of our design and find the value 0.15. This value is in good agreement with the calculated value of 0.11 given above. Additionally, we perform ensemble FRET experiments of our designed mobile HJ and obtain 0. (Fig. 2a, green line) remains constant during these observations. The FRET efficiency time trajectories calculated from these data are shown in Fig. 2b . They show plateaus with stepwise changes of the FRET intensity as a function of time. This pattern is seen more clearly after averaging the original data by using the approach described in Methods. These data show that FRET efficiencies vary in the range of Ϸ0.6 to 0.15. These experimental values are in remarkably good agreement with calculated E i values (Fig. 1c) , suggesting that the observed FRET data dynamically follows the HJ undergoing branch migration. Control data for an immobile HJ with a specific positioning of the donor and acceptor molecules showed a constant fluorescence signal in both donor (black) and acceptor channels (red) (Fig. 2c) and a constant FRET efficiency Ϸ0.2 (Fig. 2d) , indicating that the labeling of opposite arms is not sensitive to folding of the HJ in the two different stacked antiparallel conformers. Schematically these conformers are shown in Fig. 2d Inset. This finding supports our assumption that our design is not sensitive to the particular stacking conformation or unfolding of the arms (Fig. 1c) , but only to the HJ branch location.
The data in Fig. 2b suggest that mobile HJ undergoes a series of sharp transitions between the states with reasonably well defined FRET values. For example, during the time range between 250 and 450 ms the molecule exists in a state with high FRET (Ϸ0.6) and then drops to the FRET value 0.25. After that, the molecule jumps to another high FRET state (Ϸ0.5), then undergoes a series of fast transitions with lower FRET efficiency values but with a clear preference to return to a high FRET state (during Ϸ500 and Ϸ900 ms). After staying at the low FRET state (Ϸ50 ms) the molecule adopts the state with a slightly higher FRET (Ϸ0.38) and after 100 ms adopts the state with a very low FRET (Ϸ0.15). It stays there for another 100 ms followed by a jump to a higher FRET state (0.45) where it stays as long as 400 ms except for a short time interval, Ϸ1,400 ms, when the transition to a state with a low FRET occurs. Finally, the molecule jumps into the state with a very high FRET value (Ϸ0.6) and after 20 ms quickly adopts the conformation with a low FRET (Ϸ0.25). These long-live states are most easily seen after averaging the data (Fig. 2b, red line) . Additional time trajectories for averaged FRET values illustrating a stepwise change of FRET intensities are shown in Fig. 6a , which is published as supporting information on the PNAS web site. Importantly, there is a good correlation in the FRET values for the plateaus in independent experiments. When the FRET plateau values are combined in one histogram, discrete peaks are resolved (Fig. 6b) , suggesting that branch migration occurs through a selected number of discrete states along the branch migration path.
A critical issue for this interpretation of the FRET data is that the dye-labeling method used is very sensitive to branch migration and much less sensitive to conformational transitions of the junction between unfolded and folded states (Fig. 2d Inset) . There is good evidence supporting this interpretation. First, the estimated FRET values for the unfolded conformation of the HJ and the folded geometry corresponding to the recent crystallographic data of ref. 12 are virtually identical (compare triangles and circles in Fig. 1c) . Second, there is no temporal change in the FRET efficiency for the immobile junction (Fig. 2d) . If folding and opening of the junction led to changes in the FRET efficiency, we should be able to observe the FRET variation. The results in Fig. 2d show no jumps of FRET values. This finding is consistent with the recent publication from Ha's group (28) indicating that similar labeling arrangement is insensitive to changes of global junction conformation.
Effect of Mg 2؉ Cations on the HJ Dynamic. The data described above were obtained in the presence of 10 mM Mg 2ϩ . To analyze the effect of Mg cations on the branch migration rate the same samples were prepared in different concentrations of Mg 2ϩ and spFRET experiments were performed. The time dependence of the FRET efficiencies for 0.3 mM Mg 2ϩ and 2 mM Mg 2ϩ are shown in Fig. 3 . As in Fig. 2b, blue lines (Fig. 3a, blue line) are ''noisy,'' showing a statistical variation about a mean value. The variations of the FRET efficiency are considerably larger than statistical noise detected from an immobile junction (Fig. 2d) , suggesting that observed variations are caused by the dynamics of the mobile HJ. The analysis of the data revealed the peaks in the FRET efficiency distribution correspond to peak values obtained for the data at 10 mM Mg 2ϩ (see Supporting Text).
Data obtained with 2 mM Mg 2ϩ is shown in Fig. 3b . A stepwise dynamics is seen in this spectrum, so the states with a lifetime as large as Ϸ100 ms, indicated by arrows in Fig. 3b , could be observed. This rare long lifetime at lower Mg 2ϩ concentration and the low rate of branch migration at the elevated 10 mM Mg 2ϩ shows that Mg 2ϩ produces an increase of the residence time of nonmigrating states of the junction. Additional analysis of the data obtained at different concentrations of Mg 2ϩ and with alternative label positions is given in Supporting Text.
Branch Migration and Global Conformations of HJs.
To correlate the conformations of HJs with branch migration we performed experiments with the same HJ design, but labeled in a way that allows us to detect transitions between folded conformations of the junction (14) . The labels are placed at adjacent arms to detect the transition between two folded conformations ( Fig. 5a ; see also details in Supporting Text). The time dependence of FRET obtained in the presence of 10 mM Mg 2ϩ (Fig. 5b) shows a step-like pattern in which FRET values change between low (Ϸ0.4) and high values (Ϸ0.8). This observation is similar to the data obtained by Ha's group (14) for immobile HJs, suggesting that the mobile junction also flips between two conformations upon branch migration. There is some variability in the low and high FRET values in Fig. 5b , reflecting the change in the donor-acceptor distance caused by branch migration during the time trajectories. However, the FRET variability is considerably less than observed for the same HJ design, but labeled differently (compare Fig. 2) . At low Mg 2ϩ concentration (0.3 mM), the transition is so fast that individual steps cannot be clearly resolved (Fig. 5c ). Both data sets are fully consistent with the stepwise dynamics of HJs branch migration observed by the alternative labeling (Fig. 2 b and c) where the two dyes do not stack together. Importantly, we have measured the residence times corresponding to the plateaus lengths for the data obtained in the presence of 10 mM Mg 2ϩ . The value 74 Ϯ 5 ms calculated for a set of time trajectories similar to one shown in Fig. 5b is very close to 71 Ϯ 5.4 ms obtained for the design with alternate labeling (Table 1 , which is published as supporting information on the PNAS web site). This correlation suggests that plateaus in the branch migration time trajectories (Figs. 2b and 5a ) correspond to folded conformations of the junction. Therefore, we conclude that folded conformations of HJs stall branch migration. In summary, these data show that various labeling strategies in spFRET experiments need to be applied, depending on whether global conformational changes or branch migration dynamics of HJs are analyzed.
Theoretical Model for the HJ Branch Migration. We model the single-molecule FRET efficiency E(t) by using a stochastic Monte Carlo hopping process among N sites sites (here 6), where the average hopping time is between nearest-neighbor sites. Further details are provided in Fig. 7 , which is published as supporting information on the PNAS web site, and Supporting Text.
We start with a single-step hopping model in which nearestneighbor hops occur from site i to i ϩ 1 or from site i to site i Ϫ 1 with equal rates k ϭ 1͞. End configurations i ϭ 1 and i ϭ 6 can only hop one way and not two directions as for configurations in the interior. The only parameter is , which is adjustable with the Mg 2ϩ concentration (Supporting Text gives further details). The residence time, R , is the average time that the HJ resides in a specific configuration for a site not at the end, R ϭ ͞2. An end site has only one hopping direction and the average residence time is twice as long.
The characteristic behavior of E(t) is quite different in the slow and rapid hopping limits. Slow hopping is when the residence time is much larger than the binning time (t bin ), and rapid hopping is when it is much shorter. An example of the slow hopping limit is shown in Fig. 4a . The simulation produces plateaus connected by steps, and the qualitative features of the simulated single-molecule FRET efficiency data are quite similar to those observed in the experiments (e.g., Fig. 2b ) at high Mg 2ϩ concentrations. An example of the rapid hopping limit is shown in Fig. 4b . The simulation produces rapid fluctuations about the average efficiency and is qualitatively similar to the experimental FRET efficiency data at low Mg 2ϩ concentrations such as those in Fig. 3a .
The Branch Migration Step Size. The FRET time trajectories similar to one shown in Fig. 2b (see also Fig. 5a ) show that the FRET step sizes in the data vary over a broad range. For example, steps corresponding to changes of FRET between 0.2 and 0.6 can be found in addition to FRET changes Ͻ0.1. Such variability of the step size indicates that branch migration is not a single equidistant hop, but rather hops occurring over different distances. To extract the hopping distance from the FRET data we must convert the steps in FRET efficiencies into changes of the donor-acceptor distance and eventually into the hopping step size as a number of base pairs. As a rough estimate, the theoretical dependence of the FRET efficiency on the donor-acceptor distance shown in Fig. 1c can be used to translate steps in FRET efficiencies to base pair steps. This dependence predicts possible stepwise change of FRET intensities between 0.11 and 0.71. Experimental data for FRET step values are in the range of 0.15 to 0.6 (Fig. 5b) ; this result is in satisfactory coincidence, justifying the use of the calibration plot in Fig. 1c for a qualitative analysis of the branch migration data. As examples of calibration using this curve, FRET changes between 0.54 and 0.16 ideally correspond to hopping over 3 bp, whereas FRET changes as small as 0.1 can correspond to a 1-bp hop. Based on this qualitative analysis, we conclude that branch migration over a homology region Ͼ1 bp can occur.
Conclusions
The single-molecule, real-time observations of the dynamics of HJs and the analysis of these data provide the following mechanism of branch migration. The junction flips between extended and folded conformations that favor and block branch migration, respectively. Branch migration occurs while the junction is in an unfolded state and it stops when the molecule adopts a folded conformation. The stability of the folded state determines how long the junction stalls. Therefore, the entire branch migration process appears as a random overall stepwise process, with an effective rate that depends on the ratio between lifetimes of folded and unfolded states. This ratio depends on environmental conditions, especially on the concentration of divalent cations. The estimated hopping rate is Ϸ100 s, and in the presence of 10 mM Mg 2ϩ folded states with the lifetimes as long as 100 ms were observed, suggesting that the rate of branch migration can drop 1,000-fold upon increase of the Mg 2ϩ concentration. This prediction is in perfect agreement with papers (15, 16) in which the rate of branch migration was measured. Another critical finding of our work is that the step size between adjacent conformations is not necessarily 1 bp as previously hypothesized (15, 16, 29) . Rather, the junction migration over the large homology region was observed, suggesting that at favorable conditions one step can cover a large DNA region including several base pairs. This finding explains our recent atomic force microscopy study in which a dissociation of homologous HJs caused by migration over Ϸ100-bp region in the absence of Mg 2ϩ cations observed as a fast event occurred between two consecutive scans (19) .
The HJ is an intermediate state for various genetic processes and it is targeted by a number of structure specific proteins. Some of them (RuvA protein of Escherichia coli) promote branch migration (3), whereas other proteins such as the hMSH4-hMSH5 complex (30) prefer folded conformations of the HJ and act as a clamp for branch migration. In cases where branch migration is required, keeping the junction in an unfolded conformation is sufficient for providing a long-range spontaneous migration of the junction. At the same time, folding the junction is an effective brake that immediately blocks its movement. Therefore, various structural proteins competing for binding to the HJ can play roles of molecular switches turning on or off branch migration. 
